Mechanical unloading stimulates rapid changes in skeletal muscle morphology, characterized by atrophy of muscle fibre cross-sectional area and a partial fibre-type shift from slow to fast twitch.
INTRODUCTION
Skeletal muscle is a highly dynamic tissue that responds to changes in mechanical loading by adapting its mass and cross-sectional area (CSA). Chronic bedrest, casting and spaceflight impose substantial disuse and mechanical unloading upon load-bearing skeletal muscles (Bodine, 2013; Wall, Dirks, & Van Loon, 2013) . The consequence is a mechanical unloading phenotype characterized by the following: (i) a loss of muscle mass; (ii) reduced muscle fibre CSA (Brocca et al., 2012; Fitts et al., 2010) ; and (iii) a partial shift from slow-twitch (type I) to fast-twitch (type II) fibres (Desaphy et al., 2010; Edgerton, Roy, Allen, & Monti, 2002 ). The unloading phenotype can limit functional strength and endurance, which increases the risk of injury and impedes quality of life (Desaphy et al., 2010; Wall et al., 2013) .
Unloading-induced muscle fibre atrophy is a function of altered catabolic [forkhead box O3a (FoxO3a), ubiquitin ligases] and anabolic [Akt-mammalian target of rapamycin (mTOR)] signalling (Bodine et al., 2001a (Bodine et al., , 2001b Fluckey et al., 2004; Phillips, & McGlory, 2014; Reid, Judge, & Bodine, 2014) . Skeletal muscle provides a systemic substrate source of amino acids, particularly when nutrient resources are scarce or when injury and illness occur (Wolfe, 2006) . Activation of FoxO3a and ubiquitin ligases occurs rapidly during mechanical unloading, particularly in slow-twitch and metabolically active skeletal muscle, linked to rapid mobilization of amino acids (Powers, Smuder, & Judge, 2012) . However, Phillips and colleague argued that downregulation of anabolic signalling and protein synthesis explains unloading-induced atrophy (Phillips, Glover, & Rennie, 2009 ). Our group (Fluckey et al., 2002; Lawler, Rodriguez, & Hord, 2016) have argued that Akt-mTOR signalling and proteolytic signalling are linked during mechanical unloading. Although supportive data are currently limited, it is possible that oxidative stress and pro-inflammatory signalling might be a missing link in understanding connections between anabolic and catabolic signalling pathways (Lawler et al., 2014; Powers et al., 2012) .
Reactive oxygen species (ROS) are produced from multiple sources in skeletal muscle, including mitochondria and non-phagocytic NADPH oxidases (NOX) during mechanical unloading (Powers et al., 2012; Lawler et al., 2014; Lawler et al., 2016; Sukhanov et al., 2011) . Reactive oxygen species participate in physiological cell signalling at low levels owing to post-translational modification, and they contribute to muscle remodelling and atrophy without sufficient antioxidant sequestration (Powers et al., 2012; Rahman et al., 2014) . For example, transfection of the catalase gene attenuated unloading-induced atrophy and dephosphorylation of forkhead box O3a (FoxO3a), a transcription factor that triggers ubiquitin ligases and proteolysis (Dodd, Gagnon, Senf, Hain, & Judge, 2010) . Furthermore, a salenmanganese mimetic of superoxide dismutase and catalase ] abrogated dephosphorylation of FoxO3a and muscle atrophy in the early stages (54 h) of mechanical unloading (Lawler et al., 2014) . Indeed, unloading-induced oxidative stress upregulates an array of proteolytic systems, including the ubiquitin-proteasome and calpain pathways (Ikemoto et al., 2002; Powers, Kavazis, & DeRuisseau, 2005; Smuder, Kavazis, Hudson, Nelson, & Powers, 2010) .
Activation of FoxO3a in skeletal muscle during unloading was previously found to be dependent upon translocation of the -splice
New Findings
• What is the central question of this study?
Translocation of nNOS initiates catabolic signalling via
FoxO3a and skeletal muscle atrophy during mechanical unloading. Recent evidence suggests that unloadinginduced muscle atrophy and FoxO3a activation are redox sensitive. Will a mimetic of superoxide dismutase and catalase (i.e. Eukarion-134) also mitigate suppression of the Akt-mTOR pathway?
• What is the main finding and its importance?
Eukarion-134 rescued Akt-mTOR signalling and sarcolemmal nNOS , which were linked to protection against the unloading phenotype, muscle fibre atrophy and partial fibre-type shift from slow to fast twitch. The loss of nNOS from the sarcolemma appears crucial to Akt phosphorylation and is redox sensitive, although the mechanisms remain unresolved.
variant of neuronal nitric oxide synthase (nNOS ; Suzuki et al., 2007) . nNOS becomes dissociated from the dystrophin-glycoprotein complex (DGC) and sarcolemma to the sarcoplasm during mechanical unloading, and elevates ubiquitin ligases and muscle atrophy via dephosphorylation of FoxO3a at Thr32 (Lawler et al., 2014; Suzuki et al., 2007) . We recently discovered that unloading-induced translocation of nNOS is dependent upon elevated oxidative stress during the early phase of unloading (54 h; Lawler et al., 2014) .
In contrast to its role in activating proteolytic signalling, the role of oxidative stress in suppression of Akt-mTOR signalling during mechanical unloading in skeletal muscle remains poorly understood.
Phosphorylation of Akt and mTOR are crucial in stimulating translation of nascent contractile proteins, and thus are upstream regulators of muscle size (Bodine et al., 2001b) . During limb immobilization, activation of the Akt-mTOR signalling is decreased in the soleus and gastrocnemius muscles of rodents (Bodine, 2013; Bodine et al., 2001b; Pallafacchina, Calabria, Serrano, Kalhovde, & Schiaffino, 2002) . Interestingly, ROS have previously been shown to regulate protein synthesis and Akt phosphorylation (Pallafacchina et al., 2002; Powers et al., 2012) .
Recently, Hussain and colleagues (Rahman et al., 2014) reported that antioxidant interventions Tempol, increase phosphorylation of Akt, while causally suppressing FoxO3a activation in a model of diaphragm autophagy. Therefore, the purpose of this investigation was twofold: (i) to determine the contribution of oxidative stress to perturbations in Akt-mTOR signalling, linked to translocation of nNOS ; and (ii) to determine the efficacy of a superoxide dismutase/catalase mimetic in ameliorating alterations in rat soleus muscle morphology in a longer unloading protocol, based upon previous findings (Lawler et al., 2014) . 
METHODS

Ethical approval
Hindlimb unloading
The hindlimb-unloaded (HU) model is a well-established model of mechanical unloading that most closely mimics the effects of prolonged human bed rest and spaceflight (Lawler et al., 2014; Morey, 1979) . This model allows for the interaction of muscle fibres, connective tissue and humoral factors in an intact state, providing integrative information not possible in a muscle cell model of loading or gravity. Unloaded animals and control rats were maintained in identical custom-made cages as described previously (Lawler et al., 2014) . Briefly, tails of HU rats were cleaned with alcohol, and a harness composed of orthopaedic tape was affixed to the tail using a mild adhesive, applied to the lateral sides of the tail. The flexible harness was attached to a swivel, so that the hindlimbs were elevated to a spinal orientation of ∼55 deg above horizontal. This system allowed the rats to ambulate freely around the cage on a linear mobile system with their forelimbs for food, water, etc.
Experimental design
In this study, we sought to gain insight into ROS-related control of protein synthesis and the Akt-mTOR pathway in skeletal muscle during mechanical unloading. We also expanded upon earlier findings of the importance of ROS in nNOS translocation and activation of FoxO3a, and changes in muscle fibre morphology (CSA, fibre type) after 54 h of unloading, in our present 7 day protocol. The F344 rats were randomly assigned to the following three study groups: ambulatory control (CON; n = 11); 7 days of hindlimb unloading with saline injections (HU; n = 11); or 7 days of hindlimb unloading with EUK-134 treatment (HU + EUK-134; n = 9). The EUK-134 was administered I.P. daily (3 mg kg −1 day −1 ), a dosage used previously (Lawler et al., 2014) and similar to that used by Thiemermann, Chatterjee, Shape, Pinto, McDonald, and Wayman (2002) . Injections of EUK-134 began 24 h before the HU protocol and continued for a total of 8 days.
Skeletal muscle tissue preparation
Soleus muscles from right and left hindlimbs were quickly dissected from all animals, rinsed in ice-cold saline, dried, and mass was measured on an electronic scale (Beckman Coulter, Brea, CA, USA).
The soleus muscle was specifically chosen for all histological analysis and protein assays because of its role as a postural muscle and composition of predominantly myosin heavy chain type I (MHC I) fibres (Colleran et al., 2000) . The soleus rapidly atrophies and undergoes morphological changes when exposed to mechanical unloading (Colleran et al., 2000) . Solei to be used for histology were laid along the longitudinal axis on a piece of polyurethane, immersed in Tissue- 
Fibre-type analysis and morphology
Immunofluorescence was used for fibre-type analysis and to quantify muscle fibre CSA. Soleus muscle samples were embedded in O.C.T. Immunofluorescent muscle cross-sections were imaged using 
Detection of ROS in muscle fibres
Dihydroethidium oxidation (Life Technologies) was used to detect ROS in soleus muscle fibre cross-sections (10 m; Shandon TM Cryotome FSE), as adapted from previous investigation (Zhao et al., 2006) . Muscle cross sections were exposed to dihydroethidium ( 
Western immunoblot
Specific protein abundance in cytosolic and crude membrane fractions was determined using Western immunoblotting. Soleus muscle samples were homogenized with glass-on-glass homogenization in an ice-cold buffer (250 mM sucrose, 1 mM EGTA, 10 mM Hepes, 10 mM
Tris-HCl and 100 g ml −1 proteinase inhibitor). Samples were then centrifuged at 800g for 10 min. The supernatant from the first spin was collected and centrifuged at 20,000g for 30 min at 4 • C. The supernatant from the second spin was collected as the cytosolic fraction, whereas the remaining pellet was resuspended in buffer (100 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% Triton-X 100 and 100 g ml −1 proteinase inhibitor) and used as the crude membrane fraction. The protein concentration was determined using a BCA assay (Thermo-Fisher), and tissue lysates were subsequently stored at
To prepare for gel electrophoresis, all homogenates were resus- 
Statistical analysis
Data are presented as means (± SD). One-way ANOVAs with StudentNewman-Keuls post hoc tests were used to compare all measures in this study, including average body and muscle mass, muscle fibre CSA and percentage fibre type, ethidium-positive nuclei and protein abundance, with GraphPad Prism software (La Jolla, CA, USA). If any significant outliers (>±2 SD from the mean) were present, a logarithmic transformation was performed, and average values were back transformed. Two-tailed probability values are reported, and was set at 0.05 to indicate statistical significance.
RESULTS
Effect of EUK-134 intervention on Akt-mTOR signalling during 7 days of mechanical unloading
The Akt-mTOR pathway is a well-established signalling cascade involved in regulating protein synthesis in skeletal muscle (Bodine, 2013 ). Here, we tested the effect of EUK-134 as a catalytic antioxidant compound on protection of an anabolic pathway involving Akt, mTOR and downstream p70S6K during mechanical unloading. Total protein abundance for Akt in the soleus muscle was not significantly different in HU (1.2 ± 0.05 relative units/PR) versus control (1.0 ± 0.02 relative units/PR), but was higher in HU + EUK-134 (1.4 ± 0.07 relative units/PR) versus both control and HU (P < 0.05; Figure 1a ).
Phosphorylation of Akt at Ser473 was decreased by hindlimb unloading, but not when rats were treated with EUK-134. Thus, the ratio of phosphorylated Akt (Ser473) to total Akt was significantly lower (P < 0.05) in the HU versus control group (Figures 1a,c) . However, p-Akt/total Akt was significantly higher in HU + EUK-134 compared with HU (P < 0.05). p-Akt/total Akt was lower in the solei from EUK-134-treated, unloaded rats compared with control animals. Akt phosphorylation at Thr308 was also determined via immunoblotting.
Given that total Akt was not detected consistently on membranes after reprobing, we used Ponceau Red staining to normalize for protein within each well. Phosphorylation of Akt (Thr308) was significantly lower after HU (Figure 1a,b) . Unloaded soleus muscles in EUK-134-treated rats did not display mean abundance levels that were significantly lower than control muscles. Phosphorylated Akt (Thr308) levels showed a trend to be higher in the HU + EUK-134 group than in the HU group; however, enhanced phosphorylation at Thr308 did not reach statistical significance (P = 0.11).
Total mTOR protein abundance was elevated in both HU (1.7 ± 0.14 relative units/PR) and HU + EUK-134 compared with CON (P < 0.05).
mTOR phosphorylation at serine 2448 (p-mTOR) was not changed in HU relative to control solei. Likewise, the p-mTOR/total mTOR ratio was not significantly different between HU + EUK-134 and CON groups (Figure 1a,d) . However, the ratio of p-mTOR/total mTOR was significantly greater in HU + EUK-134 vs. HU.
Total p70S6K protein abundance was not significantly altered by HU and was not affected by EUK-134 treatment. In contrast, phosphorylation of p70S6K at Thr389 decreased with HU in the soleus, an effect that was not mitigated by EUK-134. The p70S6K phosphorylation/total p70S6K ratio was significantly lower in HU soleus muscles than in ambulatory control solei (Figure 1a ,e). However, EUK-134 did not prevent a reduction in phosphorylation (Thr389) of p70S6K when normalized for total p70S6K.
FoxO3a is activated when dephosphorylated at Thr32. Our group (Lawler et al., 2014) and others (Dodd et al., 2010; Suzuki et al., 2007) proteolysis, recent studies suggest that changes in Akt signalling might regulate FoxO3a (Rahman et al., 2014) .
Hindlimb unloading resulted in an increase in membrane localization of the glucose transporter GLUT4 (Figure 2b ), suggesting a shift towards carbohydrate metabolism, and thus consistent with disuse and a fibre-type shift from slow-to fast-twitch fibres. Conversely, EUK-134 prevented unloading-induced elevation of GLUT4 compared with HU soleus samples (P < 0.05), an event that might protect anabolic signalling (Rasmussen, Tipton, Miller, Wolf, & Wolfe, 2000) as well.
EUK-134 intervention ameliorates nNOS translocation during 7 days of mechanical unloading
Neuronal NOS has been shown previously to translocate from the sarcolemma to the sarcoplasm during varying periods of hindlimb unloading and stimulate proteolytic signalling via FoxO3a Thr32 dephosphorylation (Lawler et al., 2014; Suzuki et al., 2007) . We recently found that oxidative stress directly contributes to translocation of nNOS during short-term (54 h) mechanical unloading.
Thus, redox regulation of nNOS translocation was postulated to occur as an early event in skeletal muscle during unloading. We therefore tested whether EUK-134 would be effective in ameliorating nNOS translocation during a longer unloading protocol (7 days) in the rat. We used cytosolic (soluble) and crude membrane protein expression of nNOS to observe translocation of nNOS away from the membrane and DGC. We also determined the abundance and location of caveolin-3, a caveolar protein that can inhibit nNOS activity (Aravamudan et al., 2003) . (Figure 3a) . However, EUK-134 provided significant protection against loss of nNOS from the crude membrane fraction, with levels greater than the HU group and similar to CON (Figure 3a) . Conversely, HU caused a significant increase in cytosolic nNOS abundance, whereas cytosolic nNOS abundance in the HU + EUK group was not significantly greater than CON. The mechanisms that guide nNOS from its perch on the DGC to the cytosol during mechanical unloading are unknown, but it is possible that membrane repair proteins are involved. For example, Suzuki et al. (2007) found that dysferlin, a caveolar protein involved in cell membrane repair, remains attached to nNOS when bound to the DGC and during unloading when nNOS migrates to the cytosol.
Caveolin-3 levels were elevated in the cytosolic and crude membrane fractions with hindlimb unloading compared with ambulatory controls (Figure 3b ). Caveolin-3 was not significantly lower in the membrane of soleus muscles treated with EUK-134, but cytosolic and membrane caveolin-3 remained higher than CON.
Cytosolic caveolin-3 was reduced by EUK-134 in the HU animals, but remained higher than CON. Dysferlin protein abundance was elevated in both the membrane and cytosolic fractions after hindlimb unloading in the rat soleus muscle (Figure 3c ). EUK-134 mitigation of unloading-induced upregulation of dysferlin reached significance in the cytosol.
EUK-134 reduces oxidative stress during 7 days of hindlimb unloading
Oxidation of dihydroethidium was used to detect ROS in soleus muscle cross-sections and determine the efficacy of EUK-134 in removing ROS. Ethidium-positive nuclei in soleus muscle that co-localized with DAPI were significantly increased in HU versus CON, whereas ethidium-positive nuclei were lower in HU + EUK-134 compared with HU (Figure 4a,b) . The decrease in ethidium-positive nuclei in the HU + EUK-134 group indicates that EUK-134 effectively catalysed a reduction in ROS in the soleus muscle of hindlimb-unloaded rats. 
Amelioration by EUK-134 of soleus morphological changes during unloading
In a previous study (Lawler et al., 2014) we demonstrated that EUK-134 mitigated unloading-induced muscle atrophy and the partial fibretype shift from slow to fast in the rat soleus muscle during 54 h of mechanical unloading. In the present study, we extended the treatment period to 7 days and determined the effectiveness of a salenmanganese superoxide dismutase/catalase mimetic to ameliorate both the soleus muscle atrophy and the partial fibre-type shift. HU [346 (35.5) g] animals (all P < 0.05). Pre-HU weights for the EUK-134 group were not significantly different from control rats. The reduction in body mass with EUK-134 treatment could have been attributable to non-anorectic effects, because antioxidants have been shown to reduce body weight in rodents independent of food consumption in conjunction with smaller peritoneal adipose tissue deposits (Mitchell et al., 2003 (Table 1 ). In addition, the total protein content in the HU group was significantly lower than CON (Table 1) In our previous study (Lawler et al., 2014) we found that type I, but not type II, fibre CSA was affected by short-duration hindlimb unloading. To find the type I fibres in the present, longer protocol, soleus muscle fibres were stained with an MHC II antibody in order determine the CSA and amount of type I (MHC I; non-stained fibres; (2360 m 2 ; P < 0.05), suggesting that EUK-134 had no effect against type II fibre atrophy (Figure 5b ). Type II muscle fibres are smaller than type I fibres in the rat soleus. Thus, it is possible that a fibre-type shift could partly explain the lack of effect on CSA in type II fibres during 7 days of mechanical unloading in the rat soleus.
Mechanical unloading causes a partial shift from slow-twitch fibres to fast-twitch fibres (Lawler et al., 2014) . In the present study, HU animals displayed an increase in the percentage of fast-twitch (type II)
soleus muscle fibres compared with CON (Figure 6a,b) , and treatment with EUK-134 ameliorated this shift in fibre type. In the CON group, the average percentage of soleus type I fibres was 93.0 (5.67)%, in the HU group 84.8 (4.90)%, and in EUK-134-treated unloaded rats 87.5 (3.02)% (Figure 6c,d) . However, the trends did not reach statistical significance (P = 0.069) for slow-twitch MHC. Overall, our data suggest that EUK-134 partly mitigates the fibre-type shift towards fast-twitch fibres during 7 days of hindlimb unloading.
DISCUSSION
The principal findings of this investigation are as follows: (i) the superoxide dismutase/catalase mimetic EUK-134 prevented a reduction or enhanced Akt and mTOR phosphorylation in F344 rat soleus muscles subjected to 7 days of mechanical unloading; (ii) EUK-134 also prevented significant dephosphorylation of FoxO3a; (iii) EUK-134 attenuated translocation of nNOS away from the sarcolemma, similar to a previous shorter-term unloading protocol (Lawler et al., 2014) , and was concomitant with suppression of dysferlin and caveolin-3;
and (iv) EUK-134 also mitigated oxidative stress and the unloading phenotype in skeletal muscle by reducing fibre atrophy and markers of the partial fibre-type shift from slow to fast twitch. Thus, EUK-134 protects skeletal muscle morphology by abrogating translocation of nNOS and altering both Akt-mTOR and FoxO3a signalling. Our discussion focuses primarily on our new findings and their biological ramifications.
Redox regulation of Akt-mTOR signalling in skeletal muscle during unloading
The Akt-mTOR pathway is a crucial regulator of the initiation of mRNA translation and ribosome biogenesis that increases muscle fibre growth in vivo and is decreased during muscle disuse (Bodine, 2013; Bodine et al., 2001b; Fluckey et al., 2002 Fluckey et al., , 2004 . Alterations in catabolic and anabolic signalling have been noted previously in affected skeletal muscle during mechanical unloading (Bodine, 2013; Phillips & McGlory, 2014; Reid et al., 2014) , but the response of AktmTOR signalling to oxidative stress during unloading was unknown.
We found that EUK-134 protected against loss of Akt phosphorylation at Thr308 and Ser473, which is the first evidence that altered phosphorylation of this crucial metabolic and remodelling regulator is a redox-modulated event during mechanical unloading. 
Phosphorylation of mTOR
We also discovered that EUK-134 increased mTOR phosphorylation at Ser2448, normalized to total mTOR, compared with HU + saline in the soleus with hindlimb unloading. Therefore, oxidative stress appears to suppress Akt-mTOR signalling noted with mechanical unloading (Breen et al., 2013) . Recently, Hussain and colleagues postulated that ROS-mediated elevation of FoxO3a in the diaphragm might be linked to inactivation of Akt and thus mTOR (Rahman et al., 2014) .
Indeed, ubiquitin proteolysis through FoxO3a may be regulated via Akt phosphorylation (Stitt et al., 2004) . We found that EUK-134 protected against dephosphorylation (Thr32) of FoxO3a, indicating that elevated ROS contribute to FoxO3a activation during unloading, consistent with previous findings (Dodd et al., 2010; Lawler et al., 2014; Suzuki et al., 2007) . Given that Akt phosphorylation at Ser473 can phosphorylate FoxO3a, via mTOR activation, and thus prevent activation/translocation of FoxO3a, we suggest that improved Akt signalling in the HU + EUK-134 group suppressed FoxO3a, and thus catabolic signalling (Bodine, 2013) . When FoxO3a is dephosphorylated it translocates to the nucleus, where it can activate the atrophyrelated genes MuRF1 and atrogin-1 (Bodine, 2013; Suzuki et al., 2007) .
Together, these data suggest that ROS and oxidative stress might be a novel link between Akt-mTOR and FoxO3a signalling in skeletal muscle experiencing mechanical unloading.
Hindlimb unloading reduced phosphorylated p70S6K (Thr389), but EUK-134 did not significantly mitigate loss of p70S6K phosphorylation. Although p70S6K phosphorylation is not an exclusive mechanism by which mTOR regulates anabolism, the protective effects of EUK-134 on protein synthesis require additional quantitative and more direct analysis. Previous work has linked suppression by oxidative stress of Akt-mTOR signalling with mechanical unloading (Breen et al., 2013; Rahman et al., 2014; You, Park, Song, & Lee, 2010) , but direct markers of protein synthesis (e.g. fractional synthesis rate)
were not measured. Furthermore, it is possible that ROS also affected phosphorylation of other regulatory proteins (e.g. 4EBP1, eEF2, eIF2 ; Alirezaei, Marin, Nairn, Glowinski, & Prémont, 2001) . Therefore, future studies will investigate the very important role of ROS during unloading on the protein synthesis rate and additional signalling proteins in skeletal muscle.
EUK-134 and unloading-induced nNOS translocation
Neuronal NOS has been previously ascribed to play a role in activating FoxO3a with mechanical unloading (Suzuki et al., 2007) .
Recently, intact nNOS was found to be causal in phosphorylation of and Ser473, consistent with the notion that translocation of nNOS is under redox regulation (Lawler et al., 2014 , Vitadello et al., 2014 . Thus, we propose that the loss of nNOS from the DGC and sarcolemma, but not the increase of nNOS in the cytosol, is crucial to Akt phosphorylation. Conversely, genetic ablation of nNOS also prevents muscle hypertrophy during overloading (Ito, Ruegg, Kudo, Miyagoe-Suzuki, & Takeda, 2013) , consistent with the hypothesis that nNOS must be intact and present at the membrane to enhance Akt-mTOR signalling. Although a number of sarcolemmal proteins could be involved in a connection between the loss of sarcolemmal nNOS and Akt phosphorylation (e.g. tyrosine kinase receptor, -adrenergic receptor, activing type B receptor), a mechanistic signalling pathway has yet to be elucidated during mechanical unloading. This important question is a focus of future investigations.
Here, we found that EUK-134 protected against nNOS translocation from the membrane fraction to the cytosol over 7 days, consistent with the short protocol used in our previous study (Lawler et al., 2014) . Indeed, nNOS is dissociated from the sarcolemma to the sarcoplasm during mechanical unloading experienced with varying periods of hindlimb suspension and 91 days of spaceflight and contributes directly to muscle atrophy (Lawler et al., 2014; Sandonà et al., 2012; Suzuki et al., 2007; Vitadello et al., 2014) . Therefore, the present findings indicate that oxidative stress plays a causal role in nNOS translocation extending well beyond 54 h of unloading (Lawler et al., 2014) .
EUK-134 also prevented the unloading-induced reduction in 3-nitrotyrosine adducts, which is important because nitrotyrosine stimulates hypertrophy in the early phase of nNOS-dependent hypertrophy with overloading (Ito et al., 2013) . During overloading, nNOS was causal in overloading hypertrophy through co-operation with NADPH oxidase-4, producing ONOO − , and activating the non-voltagedependent Ca 2+ channel Trpv1 and mTOR (Ito et al., 2013) . Thus, preservation of nNOS at the membrane is essential for ONOO − /mTOR anabolic signalling (Ito et al., 2013; Lawler, Kwak, Kim, Lee, Hord, & Martinez, 2012) . Consistent with that notion, we previously found that 3-nitrotyrosine adducts are elevated during the first week of reloading, after mechanical unloading, suggestive of a return of nNOS to the sarcolemma (Lawler et al., 2012; Suzuki et al., 2007) . When thesplice variant of nNOS is localized at the muscle sarcolemma, the
•NO produced is involved in regulating satellite cell activation, skeletal muscle contraction, anabolic signalling, FoxO3a regulation and muscle blood flow (De Palma et al., 2014; Ségalat et al., 2005; Suzuki et al., 2007; Zhao et al., 2006) .
The mechanisms that transport nNOS away from its perch on the DGC into the cytosol during mechanical unloading remain poorly understood. However, it is possible that membrane repair proteins are involved. For example, Suzuki et al. (2007) reported that dysferlin, a caveolar protein involved in cell membrane repair, remains attached to nNOS when bound to the DGC and during unloading when nNOS migrates to the cytosol. In the present study, dysferlin abundance in the membrane and cytosol increased with hindlimb unloading. EUK-134 suppressed cytosolic dysferlin levels, whereas membrane levels trended to be lower without significance.
Caveolin-3 is a membrane/caveolar protein, which binds to nNOS and can inhibit nNOS function (Aravamudan et al., 2003) . Caveolin-3
facilitates membrane repair by producing vesicular fusion, in concert with dysferlin, annexins and MG53 (Han & Campbell, 2007; Matsuda et al., 2001) . The response of caveolin-3 to unloading and EUK-134 administration was very similar to dysferlin, suggesting a common ROS regulatory mechanism. Caveolin-3 upregulation is dependent upon Nox2-induced oxidative stress in mdx mice, a dystrophin-deficient Duchenne muscular dystrophy model (Allen, Whitehead, & Froehner, 2016) . A causal role in nNOS translocation via membrane vacuole formation and migration is an important focus of future investigations.
EUK-134 mitigation of unloading-induced morphological changes in skeletal muscle
Previously, we demonstrated that mitigation of morphological changes during the initial stages (54 h) of mechanical unloading was possible with an antioxidant that targeted superoxide anions and hydroperoxides (Lawler et al., 2014) . Our present data demonstrate that the contribution of ROS to muscle atrophy and partial fibre-type shift extends throughout the first week of unloading. Unloading-induced muscle atrophy occurs among limb muscles that normally support body weight. Thus, the highest rate and largest amount of atrophy occurs in limb extensor muscles, such as the soleus and gastrocnemius, upon immobilization and bed rest (Miokovic, Armbrecht, Felsenberg, & Belavý, 2012; Psatha et al., 2012) . Prolonged spaceflight induces a decrease in type I MHC fibre CSA greater than type II MHC fibre CSA, with ∼12-17% shift in MHC phenotype and a decrease in MHC type I fibres (Fitts et al., 2010) . Indeed, we observed a 12% increase in type II MHC-positive fibres ( Figure 6 ).
Membrane fraction levels of GLUT4 were significantly elevated with 7 days of hindlimb unloading, suggesting that glucose uptake was not a limiting factor in anabolic signalling during HU. Insulin resistance occurs transiently during the first 24-72 h of unloading, followed by a rapid rebound that is characterized by enhanced insulin sensitivity and glucose uptake (Henriksen, Tischler, & Johnson, 1986; Henriksen, Rodnick, Mondon, James, & Holloszy, 1991) . We postulate that upregulation of membrane GLUT4 reflects the fibre-type shift from slow-to fast-twitch fibres, increased glycolytic flux, or reduced demand on mitochondria (Gardetto, Schluter, & Fitts, 1989) .
Indeed, GLUT4 is found more abundantly in MHC type II fibres and has been shown to increase during hindlimb suspension in young, but not old, rats (Henriksen et al., 1991; Stump, Tipton, & Henriksen, 1997) . Given that EUK-134 attenuated upregulation of GLUT4, this also suggests that ROS play a direct or indirect role in upregulation of GLUT4.
Perspective and study limitations
Exogenous antioxidant interventions can attenuate muscle atrophy during mechanical unloading and related muscle disuse (Appell, Duarte, & Soares, 1997; Ikemoto et al., 2002; Powers et al., 2012) .
Although there are some discrepancies in the literature regarding the efficacy of antioxidant therapeutics against disuse atrophy, inconsistencies are potentially attributable to utilization of nonspecific ROS scavengers (Desaphy et al., 2010; Koesterer, Dodd, & Powers, 2002) . In contrast, transfection of catalase (Dodd et al., 2010) , intervention with the mitochondria-specific peptide antioxidant SS-31 (Min et al., 2011) and mimetics of superoxide dismutase and catalase produce a robust attenuation of unloading-induced muscle atrophy (Lawler et al., 2014 ; Figure 5 and Table 1 ).
Here, we extend our previous findings and show that amelioration of the atrophied skeletal muscle phenotype with EUK-134 treatment continues from a short duration (54 h) to a longer (7 day) period of mechanical unloading (Lawler et al., 2014) . Markers of ROS peak at 72 h and remain elevated throughout 12 days of hindlimb unloading in the rat soleus muscle (Arbogast et al., 2007) . Consequentially, the effect of ROS on nNOS translocation and muscle morphology (e.g. fibre CSA, fibre type) observed early in unloading persist as mechanical unloading of slow-twitch skeletal muscle continues.
Although we were able to demonstrate that EUK-134 protected against dephosphorylation of Akt and mTOR and that the protein content was reduced, p70S6K results were more equivocal. Without a direct measure of protein synthesis, we are unable to conclude that EUK-134 protects against unloading-induced suppression of protein synthesis. This question is a prime focus of future investigation.
Conclusions
In summary, EUK-134 protection against ROS alleviated unloadinginduced suppression of Akt and mTOR phosphorylation, linked to attenuation of nNOS translocation from the sarcolemma to the cytosol, and dephosphorylation of FoxO3a in the rat soleus muscle. Our results were consistent with the hypothesis that ROS might activate FoxO3a via dephosphorylation of Akt during mechanical unloading and, thus, alter myofibre morphology (see proposed integrated model in Figure 7 ).
